The perception of aversive stimuli is essential for human survival and depends largely on environmental context. Although aversive brain processing has been shown to involve the sensorimotor cortex, the neural and biochemical mechanisms underlying the interaction between two independent aversive cues are unclear. Based on previous work indicating ventromedial prefrontal cortex (vmPFC) involvement in the mediation of context-dependent emotional effects, we hypothesized a central role for the vmPFC in modulating sensorimotor cortex activity using a GABAergic mechanism during an aversive-aversive stimulus interaction. This approach revealed differential activations within the aversion-related network (eg, sensorimotor cortex, midcingulate, and insula) for the aversive-aversive, when compared with the aversive-neutral, interaction. Individual differences in sensorimotor cortex signal changes during the aversiveaversive interaction were predicted by GABA A receptors in both vmPFC and sensorimotor cortex. Together, these results demonstrate the central role of GABA in mediating context-dependent effects in aversion-related processing.
INTRODUCTION
Understanding aversive processing in the brain is necessary for fully grasping the underlying principles of emotional brain function. Brain-imaging studies using the passive presentation of unpleasant stimuli have identified regions, such as the motor and anterior cingulate cortices, insula, striatum, amygdala, and periaqueductal gray, as being consistently responsive to aversive stimuli of various sensory modalities (Grupe et al, 2012; Nitschke et al, 2006) . Importantly, findings from these studies are highly consistent with those found in animal studies (see Hayes and Northoff, 2011 for review) . However, aversionrelated imaging studies have focused almost entirely on mapping the elicited aversive responses from the brain, whereas the impact of context on the basal processing of aversive stimuli remains unclear. The mapping of such an interaction at the level of the whole brain will likely contribute to a fundamental understanding of how the underlying neural context shapes our perception of aversive stimuli. For instance, the same aversive stimulus may be processed differently in the presence of other aversive or rewarding stimuli. However, the neural underpinnings of such interactions remain unclear.
Although not fundamental for basal valuative processing, the human ventromedial prefrontal cortex (vmPFC) was recently hypothesized to be essential in integrating emotionrelated contextual information (Roy et al, 2012) . Most research investigating the context dependence of aversion has focused on fear learning in rodents (Ciocchi et al, 2010; Johnson et al, 2011) . These paradigms typically involve the pairing of initially neutral environmental cues to the exposure of an aversive stimulus (eg, electric shock)-whereby the cues alone eventually result in aversive responses. These studies have contributed greatly to an understanding of aversive learning mechanisms at the microcircuit level and, indeed, congruent findings have been noted at the macroscopic level in humans (Delgado et al, 2011) . The role of the prefrontal cortex in response to threatening stimuli has also been noted in rodents (Chan et al, 2011; Thompson et al, 2010) , and there is evidence that context-dependent aversion-related activity may involve GABAergic function (Fiorelli et al, 2008; Lehner et al, 2010) .
While there is an abundance of animal research regarding the role of GABA in aversive processing Lehner et al, 2008) , few studies in healthy humans have made this link, although one study showed elevations in human vmPFC GABA levels following a painful stimulus (Kupers et al, 2009) . This is in spite of the knowledge that the anxiolytic effects of socially consumed alcohol and clinically prescribed benzodiazepines are linked to their positive modulatory effects on the inhibitory ionotropic GABA A receptor (GABA A R). Furthermore, novel drugs targeting the GABA A R have been developed and proposed for use against pain, depression, and other neuropsychiatric disorders associated with alterations in aversive processing (Rudolph and Knoflach 2011) . Despite this knowledge, surprisingly little is known about the role of GABA A Rs in context-dependent aversive processing in healthy people.
As studies in humans have only begun to consider aversive processing at the whole-brain level (Hayes and Northoff 2012; Hayes and Northoff 2011; Nitschke et al, 2006) , and none to date have investigated the modulatory impact of preestablished conditioned stimuli on this network activity, the first aim of our study used a novel approach in humans to better understand this aversive context interaction. This was done by determining whether aversion-related network activity elicited by the anticipation of an ankle shock could be modulated by a learned cue (ie, passive exposure to an aversive or neutral preconditioned tone), which, importantly, had no bearing on the probability of receiving a shock. Moreover, given the evidence in animals of GABAergic involvement in contextdependent aversive processing, as well as the potential role of the vmPFC, our second aim was to investigate the relationship between intra-regional and vmPFC GABA A R binding potentials (BPs; using 18 F-radiolabelled flumazenil (FMZ) in positron emission tomography (PET)) and the context-dependent aversion-related blood oxygenation level-dependent (BOLD) responses noted in Aim 1.
In summary, the present study had two main aims. The first aim identified brain regions involved in an aversive context interaction: how aversion-related network activity, induced by the threat of certain shock or certain 'safety', could be modulated using a cue (ie, the presentation of aversive or neutral tones conditioned before the scanning session). The second aim investigated the relationship between intra-regional and vmPFC GABA A Rs and fMRI context-related BOLD responses identified in the first aim. Taken together, this multimodal approach aimed to better characterize the brain-based and biochemical underpinnings of context-dependent aversive processing in humans. Figure 1 Aversion context interaction study. (a) Study overview: the main steps and methodologies used in the present study are outlined. (b) fMRI design: outline of stimuli order experienced by subject in scanner (above), Shock context indicator is followed immediately by fixation cross (which lasts the duration of the trial)which marks the pretone period, and which is followed by a conditioned tone (illustrated here as: neutral tone ¼ neutral face with note; aversive tone ¼ sad face with fuzzy note) period. Next is the aversive context interaction period of interest (indicated by blue arrow) from which two interaction contrasts were analyzed: aversive interaction (CerAv4SafeAv) and neutral interaction (CerNeu4SafeNeu). The trial ends with a shock or no shock followed by a brief intertrial interval (ITI; 1-3s). Only two visual stimuli, the context indicator and the fixation cross, are ever experienced by the subject. Stimuli are not drawn to scale. CerAv, fixation period of interest during shock anticipation following the presentation of the aversive tone; CerNeu, fixation period of interest during shock anticipation following the presentation of the neutral tone; ctx, cortex; fMRI, functional magnetic resonance spectroscopy; GABA A , gamma-aminobutyric acid A receptors; PET, positron emission tomography; SafeAv, fixation period of interest during no shock anticipation following the presentation of the aversive tone; CerNeu, fixation period of interest during no shock anticipation following the presentation of the neutral tone; vmPFC, ventromedial prefrontal cortex.
MATERIALS AND METHODS

Participants
A total of 28 healthy participants (10 female, mean age 22±4 years; range 18-32), recruited from McGill University and the Université de Montréal, underwent fMRI and PET ( Figure 1a ). All potential participants were screened for a history of psychiatric, neurological, or other medical disorders using a semi-structured clinical questionnaire. All participants gave their written informed consent and were monetarily compensated for their participation. Ethics approval was granted from the local ethics committees at each respective university.
From the initial group of 28, 4 were removed from further fMRI analysis because of technical challenges/anatomical artefacts or excessive head movement (42 mm), leaving 24 participants (8 female; age 22 ± 4 years); 4 additional subjects were removed from PET analysis for similar reasons, leaving 20 participants for combined PET-fMRI analysis (7 female; age 23 ± 4 years). Additional information related to all Materials and methods can be found in the Supplementary Material.
Tone Conditioning
Participants were passively conditioned to two distinct tones (65 dB sine waves of 700 and 1300 Hz; 5-8 s duration; 1-4 s intertrial interval) in a mock scanner via fMRI compatible headphones (model S14; Sensimetrics, Malden, MA) using parameters adapted from Dunsmoor et al, 2008 and Knight et al, 2009 . The conditioned stimuli (aversive tone co-terminating randomly 50% of the time with a 100 dB white noise burst, 500 ms, with rise time o1 ms; neutral tone never followed by white noise burst) were counterbalanced and pseudorandomly presented 168 times each over a 50-min period. The aversive and neutral conditioned tones were rated by each subject for their unpleasantness (on a scale of 0-100) following each of four runs.
Electrical Stimulation and Electrodermal Activity Measures Acquisition and Analysis
Parameters and instruments for transcutaneous electrical stimulation were similar to those used by Piche et al, (2010) . Electrodermal activity (EDA) was recorded using Acqknowledge software (version 4.1; Biopac Research Systems, CA) using Ag-AgCl electrodes placed on the bottom of the left foot. The onset and tracking of the fMRI paradigm was signaled by TTL pulses and recorded simultaneously in a separate Acqknowledge channel for later analysis. EDA was analyzed with SCRalyze 2.1.2b (scralyze.sourceforge.net), which employs a general linear model for event-related evoked skin conductance responses (Bach et al, 2010; Bach et al, 2009 ). The EDA, originally sampled at 1000 Hz, was band pass filtered (using a first-order Butterworth filter and cutoff frequencies of 0.0159 and 5 Hz), down sampled to 10 Hz, and z-transformed to account for between-subjects amplitude variance. Results are parameter estimates (in arbitrary units) of the mean response amplitude for each experimental condition (Bach et al, 2010) . The data were analyzed statistically using SPSS 17 (SPSS, Chicago, IL) with a 2 (context: safe, certain) Â 2 (tone: neutral, aversive) repeated measures ANOVA.
Aversion Context Interaction fMRI Paradigm
As outlined in Figure 1b , the start of each trial was indicated by an icon denoting the probability of receiving electrical stimulation at the end of the trial (safe: 0%, certain: 100%). This was followed immediately by a fixation cross that remained until the end of the trial (total trial time ¼ 12-22 s). The period of interest (Figure 1b ; blue arrow) was chosen to investigate whether the aversion-related activity produced through the anticipation to an upcoming aversive stimulus, using a safe or certain shock indicator, can be modulated by a cue (ie, the presentation of a neutral or aversive conditioned tone) that does not have an impact on the probabilistic outcome of shock itself. This context interaction period focused on the modulatory impact of the conditioned tone on the activations related to the shock anticipation.
This interaction approach resulted in four independent events as follows: no shock anticipation following an aversive (SafeAv) or neutral (SafeNeu) tone or certain shock anticipation following an aversive (CerAv) or neutral (CerNeu) tone. There were 25 repetitions per condition across four runs for a total time of 51 min. For improved design orthogonality, trials in which the tone was omitted from the safe or certain conditions (25 times for each) and 4 trials in which the white noise burst followed the aversive tome (as in the prescanning conditioning phase) were included. Jittered intertrial intervals (1-3 s; 125 across all four runs) were also included. As noted above, the paradigm was explained to the subjects in detail such that they were clearly aware of the non-contingent nature of the tone cue on the outcome of shock (ie, the tone type was presented randomly and did not provide any information about the impending shock or subsequent trials).
fMRI Data Analysis
The effect of the aversive and neutral cues on shock-related anticipation was examined using the following context interaction contrasts: Av(Cer4Safe) for the aversive interaction and Neu(Cer4Safe) for the neutral interaction. To further identify regions that were spatially selective for the aversive interaction, the contrast was masked (:) with the neutral interaction contrast at the same threshold using the expression (Av(Cer4Safe)):(Neu(Cer4Safe)). The regions selective for the neutral interaction using the expression (Neu(Cer4Safe)) : (Av(Cer4Safe)), and those regions that overlapped/intersected using the expression (Av(Cer4Safe))-(Neu(Cer4Safe)), were also determined.
Regions in this analysis were considered significant at the conservative level of po0.05, FWE-corrected, kX10. The anatomical localization of significant activations in the main resulting aversive interaction contrast (CerAv4Sa-feAv) and neutral interaction contrast (CerNeu4SafeNeu) were assessed by superimposition of the SPM maps on a standard template. Regions were identified and labeled macroanatomically by the FSL probabilistic HarvardOxford atlas (FMRIB's Software Library, http://www.fmrib.ox.ac.uk/fsl/) (Smith et al, 2004) . Percent signal changes from the resulting clusters were extracted using the MarsBaR toolbox (http://www.sourceforge.net/projects/ marsbar).
PET Acquisition and Reconstruction
In all, 20 subjects (from the total of 28 as mentioned above) underwent PET imaging with FMZ, a competitive antagonist at the benzodiazepine-binding site on the GABA A R. It is a common in vivo method used to measure GABA A R BP (a combined measure of density of available receptors and their affinity; it reflects the ratio at equilibrium of specifically bound to non-displaceable radioligand using the pons white matter as a reference region) in humans (Frey et al, 1991; Salmi et al, 2008) . Image analysis was similar to that described elsewhere (Wiebking et al, 2012) .
Combined Analysis
In a first step, regions of interest (ROIs) from the aversive (Av(Cer4Safe)):(Neu(Cer4Safe)) and neutral (Neu(Cer4 Safe)):(Av(Cer4Safe)) interaction regions were identified ( Figure 2a ; Table 1; Supplementary Table S1) , and percent signal change differences in each of the functional conditions (ie, CerAv4SafeAv and CerNeu4SafeAv following the termination of the tone; Cer4Safe before the tone onset) were extracted ( Figure 2b for an illustration of selected regions; Supplementary Table S2 for all values). GABA A R BPs from these regions were extracted using FSL Table 1 for coordinates and Supplementary Table S1 for supporting information. (b) selected mean signal changes (%) for context interaction regions. signal changes from aversion interaction (red) and neutral interaction (blue) regions for the two functional target contrasts (ie, CerAv: CerAv4SafeAv, CerNeu: CerNeu4SafeNeu), as well as for the pretone contrast (Pre: Pre Cer4Safe), are shown. Error bars represent standard error of the mean. See Table S2 for supporting information. Av, aversive conditioned tone; Cer, certain shock; ctx, cortex; MCC, mid cingulate cortex; Neu, neutral conditioned tone; R/L, left/right; Safe, certain absence of shock. See the web version for full colour images.
such that intra-regional Pearson's correlations between BPs and signal changes across each interaction contrast could be performed (Table 2) . In a second step, a spherical ROI was created for the vmPFC (Figure 3a ; x ¼ 0, y ¼ 46, z ¼ 2; radius ¼ 10 mm; total volume ¼ 4120 mm 3 ), corresponding to previous reports (Duncan et al, 2011; Qin and Northoff, 2011) . The GABA A R BP from this region was also extracted from each subject. For whole-brain analysis, vmPFC GABA A R BPs were used as regressors in the second level of analysis for the target contrasts, with the proportion of gray matter for each subject included as a control variable (Figure 3b ). Thresholding for this regression map was po0.005 voxel-wise, po0.05 FWE cluster-wise corrected, kX334. A conjunction analysis was performed to identify any overlapping activations between the whole-brain vmPFC GABA A R-fMRI regression maps and the initial fMRI context interaction maps ( Figure 3c ). As areas throughout the bilateral sensorimotor cortex were identified, descriptive correlations were then performed intraregionally (Table 2) and interregionally with the vmPFC (Table 3) ; scatter plots of two selected regions are used to visually illustrate this relationship (Figure 3c ).
Correlational analyses for PET-fMRI centered on the two functional conditions CerAv4SafeAv and CerNeu4SafeAv. The Cer4Safe contrast before the tone was used as a control period to further ensure any correlations noted arose from the context interaction period and not the anticipation of shock alone. Bonferroni corrections (alpha level of p ¼ 0.025) were used for all post-hoc correlational analyses to reduce the risk of false-positive findings associated with multiple comparison testing. Furthermore, the Hotelling-Williams test for the equality of two dependent correlations was used to determine whether significant intra-regional correlations noted for one contrast was independent of the other (ie, CerAv4 SafeAv and CerNeu4SafeNeu); hotelling T-squared testing for multivariate samples was used to determine whether significant correlations for one functional contrast was independent of signal changes in nearby clusters (Steiger, 1980; Williams, 1959) . One-tailed tests were employed, given that the a priori hypothesis assumed a clear relationship between GABA A Rs and BOLD signal changes. The results of these combined analyses are summarized in Figure 4 .
RESULTS
Behavioral Results
Subjects rated the aversive tone (23.64±17.58) as being more unpleasant after conditioning, on a 0-100 scale (where 0 is not unpleasant and 100 is the most unpleasant sound imaginable), compared with the neutral tone Figure 2a for related BOLD maps.
(10.01 ± 10.44), (t ¼ 4.9; po0.0001). Shock ratings averaged 50.65 ± 13.26 across all subjects, which is consistent with moderate levels of experienced pain.
Parameter estimates (arbitrary units) for EDA (mean ± SE of the mean) for post-tone response in the four main target periods were: SafeAv ( À 0.16±0.03), SafeNeu Abbreviations: Av, aversive conditioned tone; BP, binding potential; Cer, certain shock; ctx, cortex; MCC, mid cingulate cortex; Neu, neutral conditioned tone; R/L, left/ right; Safe, certain absence of shock. Pearson correlations (r) between intra-regional GABAA receptor BP and % signal change differences for the two target contrasts (CerAv4SafeAv and CerNeu4SafeNeu), as well as for the pretone contrast (PreCer4Safe (F(1,22) ¼ 5.10, po0.05) and tone (F(1,22) ¼ 5.60, po0.05), but no interaction (F(1,22) ¼ 0.16, p40.05), were noted during the presentation of the tone. This is consistent with the subjective ratings above, associating both the certain shock anticipation and aversive tone with increased EDA responding: 
Aversive Contex Interaction fMRI Results
As outlined in Figure 1b , analysis of the period of interest resulted in significant clusters (po0.05, FWE whole-brain corrected, k410) during shock anticipation following both aversive interaction and neutral interaction contrasts (ie, CerAv4SafeAv and CerNeu4SafeNeu) (Supplementary Table S1 ). Interaction analyses using exclusive masking revealed significant clusters for both the aversive interaction ((CerAv4SafeAv):(CerNeu4SafeNeu)) and the neutral interaction ((CerNeu4SafeNeu):(CerAv4SafeAv)), as well as significant overlap using inclusive masking indicating signal changes unrelated to tone valence ((CerAv4SafeAv)-(CerNeu4SafeNeu))-see Figure 2a , and corresponding Table 1 and Supplementary Table S1 . Notably, sensorimotor cortex activation was stronger in the right hemisphere, consistent with left-ankle electrical stimulation. For completeness, the BOLD map for the pretone shock anticipation periods can be found in Supplementary Figure S1 .
The extraction of mean percent signal changes from these context interaction-specific clusters (Figure 2b ) suggested increased activations associated with each respective condition, although underscoring that these signal change differences do not appear related to activity occurring before the tone (ie, Pretone Cer4Safe; see Supplementary  Table S2 for signal changes in all clusters). Although this whole-brain regression for vmPFC GABA A R and context interaction fMRI BOLD maps: using the GABA A R BPs in the vmPFC ROI as a regressor with whole-brain BOLD maps revealed correlations mainly in the aversive interaction period (CerAv4SafeAv, red). Only one cluster was noted for the neutral interaction contrast (blue) in the left motor cortex, though this overlapped largely with activity from both contrasts (green pattern (eg, greater differences in activation from CerAv4 SafeAv compared with CerNeu4SafeNeu) was consistent with all aversive interaction clusters, some neutral interaction clusters (eg, right sensory cortex) showed an opposite pattern, suggesting relative signal change decreases within these regions from the aversive to neutral contrasts.
fMRI-PET Results
Intra-regional GABA A R BPs were parametrically correlated with mean percent signal change differences (CerAv4 SafeAv and CerNeu4SafeNeu) within three sensorimotor cortex regions selective for the aversive interaction ((Av(-Cer4Safe)):(Neu(Cer4Safe)). These included the right sensorimotor ( In addition, one cluster within the right sensorimotor cortex identified as non-specific for tone value from the (Av(Cer4Safe))-(Neu(Cer4Safe)) expression also showed a significant negative correlation (r ¼ À 0.667, p ¼ 0.001) for GABA A R BPs and signal change differences in the CerAv4SafeAv condition. Importantly, these clusters also showed correlations of BPs and signal changes that were independent of nearby sensorimotor clusters from the neutral interaction (Neu(Cer4Sa-fe)):(Av(Cer4Safe))-except for one right sensorimotor cortex cluster from the aversive interaction and a small (k ¼ 21) neighbor from the neutral interaction.
vmPFC ROI Analyses: fMRI-PET Results
As shown in Figure 3a , mean percent signal changes extracted from the independently selected vmPFC ROI (see Materials and methods for details) were not significant for the contrasts of interest following paired sample t-tests (p40.05). This result is consistent with other studies noting little BOLD activity in the vmPFC during the perception of aversive stimuli Huxtable, 2012) . Inputting individual vmPFC GABA A R BPs as regressors in the interaction contrasts revealed significant correlations at the whole-brain level (po0.005, FWE whole-brain cluster corrected, k4334) between vmPFC GABA A R BP and aversive interaction signal change differences (Figure 3b ). Only one cluster was noted for the neutral interaction contrast in the left motor cortex, though this overlapped largely with activity from both contrasts (see Supplementary  Table S3 for all cluster-related details).
Inclusive masking between the aversive interaction BOLD and vmPFC GABA A R BP regression maps revealed significant overlap only in bilateral sensorimotor cortices (Figure 3c ; no results were found for the neutral interaction). Sample scatter plots further illustrate the Pearson's correlations (Table 3) . Interestingly, this same relationship was noted also for sensorimotor regions selectively identified by the neutral context interaction (Neu(Cer4Sa-fe)):(Av(Cer4Safe))-showing that vmPFC GABA A R BPs correlated with the aversion-related signal changes across Significant from CerAv4SafeAv contrast for nearest neutral interaction cluster as determined by Hotelling's T-squared test for two multivariate dependent samples. See Table 3 for related information. BP, binding potential; GABA, gamma-aminobutyric acid; GABA A R, GABA A receptors; PET, positron emission tomography.
all sensorimotor cortex clusters. The reverse relationship was not seen, as GABA A R BPs from the bilateral sensorimotor clusters did not correlate with any signal changes from the vmPFC (Figure 3c and Table 3) .
Although the signal change differences in the vmPFC were not significant, the correlation of vmPFC GABA A R BPs to vmPFC signal change differences was significant for the aversive (r ¼ À 0.462, p ¼ 0.040; but not neutral, r ¼ 0.02, p ¼ 0.9) interaction contrast. Although this correlation must be considered at the trend level, given that it was above the Bonferroni correction level, it was nonetheless significantly different from the correlation noted for the CerNeu4Safe-Neu contrast as determined by the Hotelling-Williams test (p ¼ 0.03).
DISCUSSION
Neuroimaging studies on aversion show consistent activity in the midcingulate cortex (MCC), motor cortex, insula, thalamus, supramarginal gyrus, and midbrain (Grupe et al, 2012; Hayes and Northoff 2012; Hayes and Northoff 2011; Nitschke et al, 2006; Onoda et al, 2008) . Our results are consistent with this activity, as seen especially during the anticipation period before the presentation of the tones (Pre Cer4Safe; see Figure 1b for design and Supplementary Figure S1 for the pretone contrast). Importantly, our multimodal design extended these findings by using passive, unpredictable, pre-conditioned tones as cues (adapted from Dunsmoor et al, 2008 and Knight et al, 2009 , and supported behaviorally, physiologically, and through differential BOLD results) to reveal unique brainrelated modulations of the shock anticipation ( Figure 2a and Table 1 )-ie, differential activations between the aversive Av(Cer4Safe) and neutral Neu(Cer4Safe) interaction contrasts. These results suggest that information related to aversive context, which is not necessarily tied to probabilistic outcomes (ie, the tones did not reflect the probability of shock), is reflected in subtle changes throughout this aversion-related network. Moreover, these context-dependent differences in aversive processing appear to be partly controlled by a GABAergic mechanism both locally (ie, within sensorimotor cortex) and distally (ie, from the vmPFC) as is discussed further below.
Aversive Context Interaction BOLD Activity
These BOLD responses are consistent with typical aversionrelated activity (as noted above, see Grupe et al, 2012) . Additional activity within sensorimotor cortices and posterior insula/parietal operculum were noted, which are known to be involved in aversive and non-aversive somatosensory (Bingel et al, 2003; Mouraux et al, 2011) processing. These regions have been shown to display potentiated responding to non-painful, aversive, somatosensory stimuli during the anticipation of thermal pain (Sawamoto et al, 2000) , supporting their involvement in the modulation of aversive sensory information. Alternately, absent/decreased activity in some regions, such as in mid/anterior insula and MCC, in the neutral interaction could reflect relative decreases in signal change in these regions. In support of this interpretation, sensorimotor and posterior insula clusters identified specifically in the neutral contrast showed lower signal change differences when compared with the aversive interaction (see Figure 2b ; Supplementary Table S2) . These are consistent with relative deactivations (eg, see Hayes and Huxtable, 2012) previously noted in the somatosensory cortex surrounding the primary site of activation (related to the threat of shock on the left ankle in this case) as well as ipsilateral to it (Drevets et al, 1995; Klingner et al, 2011) .
Modulation of Shock Anticipation Activity by Sensorimotor GABA A Rs
It was found that intra-regional GABA A R BPs in the sensorimotor cortex were predictive of aversive interaction BOLD signal changes ( Table 2 ), suggesting that GABA is partly involved in mediating the aversive context interaction within these regions. This is contrary to our initial hypothesis that GABA A R BPs throughout the network would correlate with signal changes, but supports a role for selected regions of sensorimotor cortex in mediating modality-specific responses to emotional stimuli (Mouraux et al, 2011) . These results show that GABA A R availability/ function in the sensory cortex is predictive of brain reactivity for the aversive anticipation-aversive cue context interaction (Table 2 )-ie, as GABA A R availability/function increases, signal change differences decrease. Moreover, this relationship is noted only in regions that were selectively identified from the aversive (and not neutral) interaction, suggesting that GABA A Rs have differential roles in the processing of aversive context-related information throughout subregions of the sensorimotor cortex.
Specifically, we found negative correlations throughout bilateral sensorimotor cortex for regions related only to the aversive interaction, as well as in one cluster whose activity was unrelated to tone type (an overlapping region noted in green in Figure 2a ). Interestingly, although there is some evidence that emotional cues can differentially modulate responses in primary and secondary sensorimotor cortices (Montoya and Sitges, 2006; Van den Stock et al, 2011) , this is the first indication that GABA A Rs might be involved in mediating this difference. This suggests that increased GABA A R availability/function within the bilateral sensorimotor cortex results in less responsivity (and/or greater inhibition), specifically, within the subregions identified in the present study.
GABA is the main inhibitory neurotransmitter in the nervous system and has been associated with decreases in BOLD responses in both animal (Chen et al, 2005) and human (Muthukumaraswamy et al, 2011; Northoff et al, 2007) studies. The primary fast-acting target of GABA is the ionotropic GABA A R, and it is well-known to be involved in the inhibition of cellular activity, particularly through its increasing of inhibitory postsynaptic potentials (Petrini et al, 2011) . This is in line with the notion that GABA A Rs within aversion interaction sensorimotor subregions may predict enhanced inhibition, as reflected by lower signal change differences from the interaction contrasts in individuals with higher GABA A R BPs. This interpretation is also consistent with a study showing that FMZ binding in human sensorimotor cortex is related to intra-cortical inhibition (Capaday et al, 2000) .
Modulation of Context-Related Aversive Activity by vmPFC GABA
The vmPFC (Figure 3a) was recently hypothesized as being essential in the integration of emotion-related contextual information (Roy et al, 2012) . The authors described this process in terms of 'the generation of affective meaning' to explain apparently different functions across a wide range of studies. This interpretation is consistent with our study identifying vmPFC GABA A Rs as being involved in contextdependent aversion-related processing. The availability/ function of vmPFC GABA A Rs appears to predict the responsivity to contextual aversive stimuli regardless of which sensorimotor cortex regions they came from ( Figure 3c , Table 3 ; ie, regions from both the aversive or neutral interaction contrasts). Importantly, the relationship between vmPFC/intra-regional GABA A R BPs and sensorimotor signal changes appears to be unidirectional, as sensorimotor BPs do not predict signal changes in the vmPFC (Figure 3c , Table 3 ). We suggest that these results are best understood by taking GABA A R BP as a measure of inhibitory capacity (ie, the intra-regional ability to be inhibited). All correlations were negative, implying that individual increases in GABA A R availability/function are related to an increased capacity to inhibit brain function, as reflected in lower degrees of responsive signal changes in the aversive context interaction.
The notion of the vmPFC as an integrator of emotional and contextual information is consistent with what is known about mPFC GABA in rats, as inactivation, through the microinjection of GABA mimetic drugs, is associated with increased anxiety, disrupted decision making abilities (de Visser et al, 2011) , and reduced processing speed and cognitive flexibility (Enomoto et al, 2011) . Evidence also suggests that the mPFC inhibits aversion-related activity through direct inhibition of limbic regions (Quirk et al, 2003) . Furthermore, it has been suggested that mPFC painrelated deactivations depend on the stimulation of both glutamatergic mGluR1/5 and GABA A Rs (Ji and Neugebauer, 2011) , ultimately, resulting in GABAergic inhibition of mPFC cells. Finally, a functional MRS study showed increases in vmPFC GABA following exposure to painful stimuli in healthy humans (Kupers et al, 2009) , consistent with numerous early animal studies (Miyauchi et al, 1988) . These studies support our findings that the vmPFC GABA A R BPs in humans are correlated to aversive processing, but, in addition, show that the contextual information must also be considered. In particular, our study demonstrated that brain responses related to shock anticipation, though highly aversive, did not correlate with GABA A R measures following the presentation of the neutral tone (in contrast to the aversive tone).
Limitations and Future Directions
Methodologically, the presentation of passive stimuli (in the absence of any task) was used to target basic aversive processing, however, we must acknowledge that any study using aversive stimuli may result in the use of cognitivebased coping strategies. Nonetheless, activations associated with the emotional regulation of unpleasant stimuli, such as in the dorsolateral prefrontal and orbitofrontal cortices, were not noted in the present study (Eippert et al, 2007) . Also, given the correlational analyses used, we aimed to reduce the risk of false-positive findings through supporting approaches (eg, fMRI-PET at the whole-brain and ROI level), through consideration of the animal literature, and by using appropriate tests to determine the equality between two dependent correlations (see Materials and methods for additional information). Despite these caveats, we showed significant and selective differences between the conditions, which helped to specify the interactions both regionally and neurochemically.
Interpretations of the present data are aversion-related, but should not be considered aversion-specific. For instance, because highly rewarding stimuli were not used in the present study, these results could be explained in terms of salience-related processing. Indeed, the MCC and insula are considered key regions of a salience network (Seeley et al, 2007) , and some of the present activations (eg, anterior cingulate and temporoparietal cortex) seem to overlap with those identified in other studies on saliencerelated processing (Downar et al, 2003) . Although the issue of salience is often raised (and was not directly addressed in the present study), there is much evidence in animals (though relatively little in humans) to identify reward-and aversion-related processing as involving distinct, parallel, and sometimes overlapping, circuitry (Amemori and Graybiel, 2012; Carlezon and Thomas, 2009; ; future studies should aim to disentangle these processes in humans.
Some areas involved in reward-related processing (eg, vmPFC) are also key in so-called task-negative and/or selfrelated networks (Kringelbach and Berridge, 2009; Northoff and Hayes, 2011) . As mind wandering and self-reflections may be associated with negative emotional states (Smallwood et al, 2009) , aversion-related processing may also interact with task-negative activity. The present data are in line with this notion, though not tested directly, as the vmPFC (a typical task-negative region) was involved in processing the differentiation of the aversive context interactions. A better understanding of interactions between putative task-negative and -positive regions may lead to novel insights regarding emotional processing in relation to healthy and abnormal brain functioning (Northoff et al, 2010) . For example, functional connectivity between the mPFC and nucleus accumbens may predict the transition from acute to chronic pain (Baliki et al, 2012) . Also, altered mPFC deactivations are linked to the severity of negative emotionality in major depressive disorder (Grimm et al, 2009) , and patients with generalized social phobia show increased mPFC activity to negative, self-related, comments (Blair et al, 2008) . Although the vmPFC is considered a tasknegative region, this study and others (Duncan et al, 2011; Quirk et al, 2003) show a relationship to task-positive regions that question the current nomenclature (Northoff et al, 2010; Spreng, 2012) .
CONCLUSION
In summary, the present study revealed an aversive context interaction across many brain regions associated with aversion-related processing. The modulation noted in some sensorimotor cortex subregions, in particular, appears to be mediated by a GABAergic mechanism. Furthermore, vmPFC GABA A Rs also predict sensorimotor responsivity to aversive stimuli, though the results under the current experimental conditions suggest the vmPFC has a more general context-related role. Beyond basic principles of aversive brain function, future investigations could use the present findings for neuropsychiatric populations. For instance, though much research has emphasized the impact of cognitive processing abnormalities, there is growing support for focusing more on understanding the interplay between sensorimotor activity and basic emotion circuitry in disorders as apparently disparate as depression or fibromyalgia (Canbeyli, 2010; Montoya et al, 2005) . Robustly activating the aversion-related system before using aversive cues as probes may help to identify subtle network differences across individuals, particularly patients showing altered aversion-related processing.
